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ABSTRACT

Throughmoleculardynamicssimulations,themechanicalbehaviorofnanoporouscopperunderimＧ
pactloadingwasinvestigatedwithrelativedensitiesrangingfrom７７９１％to９８３６％,focusingon
deformationmechanism,thescalinglawsandinfluenceofligamentsizes．ResultsshowthattheclasＧ
sicalGibsonＧAshby′sscalinglawsshouldbemodifiedforpredictionofboththeYoung′smodulusand
yieldstress．Aproportionalrelationshipisestablishedbetweencellwallthicknessandyieldstress,
andnewmodifiedscalingequationsarebuiltfornanoporouscopperwithconsiderationonbothrelative
massdensityandsizeeffectsofligaments．Thesizeeffectcanbeexplainedbylargersurfacearea/volＧ
umeratioofsampleswiththinnerligamentsizeandlimiteddislocationsourceactivationduetonarＧ
rowspacebetweenlargernumbersofvoids．

１．Introduction
　Nanoporousmetals (NPMs) representaninterＧ
estingtypeofnanoＧstructuredmaterialwithnanoＧ
sizedporosityandultrahighspecificsurfacearea,
andthusreceivessignificantattention associated
withitsfabrication and novelproperties．Many
routeshavebeenreportedtopreparenanoporous
metals,includingfreealloycorrosion[１Ｇ３] , ballistic
deposition[４] ,powdermetallurgy[５] ,electroＧdeposiＧ
tion[６Ｇ８] , surfactantemulsiontemplate[９] , catalytic
chemicaldepositionmethod[１０] ,andtemplateＧprintＧ
ingmethod[１１] ,etc．
　Nanoporousmetalsexhibitauniform,biＧcontinuＧ
ousnetworkcomprisedofnanoscaleporesandsolid
ligaments,anddisplaynovelmechanical,chemical,
opticalandphysicalpropertiesduetoitshighsurＧ
faceＧtoＧvolumeratioandlowdensities．Theunique
characteristics of nanoporous metals can render
these unusual properties for advanced applicaＧ
tions[１２] , and NMPsarepromisingcandidatesfor
variousfields, suchasactuation[１３] , catalysis[１４] ,
tissueengineeringandimpactＧtolerantstructures[１５,１６] ．
　Asafundamentalforallapplications, mechanical
propertyofNPMscanbothstronglyaffecttheir
structure and performance and lead to failure．
Thus,itisimportanttoinvestigatethemechanical
behaviorofNPMsunderexternalloadings．Many

experimentalandtheoreticaleffortshavebeendeＧ
votedtoexploringthemechanicalbehaviorofnanoＧ
porousAu．LiandSieradzki[１７] observeda microＧ
structuralductileＧbrittletransitionin porous Au
whichseemedtobecontrolledbythelengthscaleof
thematerial．Bieneretal[１８] studiedtheplasticdeＧ
formation of nanoporous Au under compressive
stresswithdepthＧsensingnanoindentationandthe
fracturebehaviorofthespongeＧlikematerialsonthe
nanometerlength scale, which revealed cellＧsize
effectsonthemicroscopefailuremechanismofnanＧ
oporousmetals．Erlebacheretal[１] andBieneret
al[１８,１９] alsohavedonetremendousresearchestoinＧ
vestigate deformation mechanism of nanoporous
gold withexperimental methods．However, little
attentionhasbeendevotedtothemechanicalbehavＧ
iorofnanoporouscopperandothertypesofmetals．
Thus,itisinconclusivethatthesepreviousresults,
suchasscalinglaws, areapplicabletoanyfoam
metalatnanoscale．
　WiththemajorityofreviewsdedicatedtotheexＧ
perimentalandtheoreticalfindings[１７,１８Ｇ２１] ,thecomＧ
putationalresearcheshavelongbeenoverlooked．In
fact,thelatterhasprovidedaneffectivesolutionin
illustratingsomephysicalphenomenawhichcould
notbeexplainedbyexperimentalmeasurement,esＧ
peciallyforthosecontroversialissues[１３] ．Simulated
physicalphenomenarangefromfatiguecrackpropaＧ
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gation[２０] , dislocationevolution[２１] , andshockＧinＧ
ducedplasticity[２２,２３] tosofteningofnanotwinned
metals[２４] ．Moleculardynamics(MD)isacomputer
simulationtechnique, whichcandescribethemoveＧ
mentsofatomsormoleculesinalargesystemto
obtaintheir physicalproperties．The mechanical
propertiesandmechanismsofnanomaterialscanbe
properlyinvestigated with MD simulation techＧ
niques．Indeed,itisausefultooltostudythephysiＧ
caland mechanicalpropertiesofNPMswhichcan
partlyreplacethecostlyexperiments．
　Themainfocusofthispaperistoinvestigatethe
mechanicalpropertiesofnanoporouscopper．AcomＧ
prehensivestudyofclosedＧcellnanoporouscopper
samples with relative densities ranging from
７７９１％to９８３６％ wasproposedinthisstudy,and
thesimulationdatawerecomparedwiththepredicＧ
tionthroughscalingequationsfortheYoung′smodＧ
ulusandyieldingstrengthinordertocapturethe
linkaboutmechanicalpropertiesbetweennanopoＧ
rous metalsand macroporeＧsizedfoams．FurtherＧ
more, moreeffortshavebeendevotedtoinvestigaＧ
tingthescalingequationsforyieldstressandeffecＧ
tiveYoung′smodulusofnanoporouscopperonthe
basisoftheGibsonＧAshbyscalinglawsandcaptuＧ
ringtherelationshipbetweendeformationbehavior
andporosities．

２．SimulationMethodandGeometricalModels
　Moleculardynamicssimulationshavebeenshown
tobequiteusefulinstudyingphenomenaontheatＧ

omisticscaleandcanbeapotentiallypowerfultool
toinvestigatethemechanicalpropertiesofmaterials
with nanoscalefeatures．Cantrell[２５] performed MD
simulationsatroomtemperatureusing MishinpoＧ
tentialontetrakaidecahedronfoamstructurestodeＧ
terminewhethermacroＧscale metallicfoamtheory
canbescaledappropriatelytonanoporousfoams．
AtomisticsimulationsplayatwoＧfoldrole:notonly
cantheyprovideuniqueinsightsoftheprocessocＧ
curringatthenanoscale, butalsopointoutthediＧ
rectionoffuturestudy．
　MDsimulationsinthispaperwereperformedthrough
themoleculardynamicscodeLAMMPS (largeＧscale
atomic/molecularmassivelyparallelsimulator)and
aCuembeddedatom method (EAM) potentialdeＧ
velopedbyAdamsetal[２６] ．Thevalidityofthese
EAMfunctionshasbeentestedbyapplyingthemto
awidevarietyofbulkandsurfacepropertiesofboth
puremetalsandbinaryalloys．
　ThecubicsimulationdomainincludesasinglecuＧ
biccopper(FCCstructurewithlatticeparametera０＝
０３６１nm)containingvariousnumbersofspherical
poresofdiameterd＝３０a０＝１０８３nmwhenconsidＧ
eringtheeffectoftherelativedensity,andthesepores
aredistributedwithoutsuperposition．Asshownin
Fig１,thesampleusedwasofsize１２０a０×１２０a０×
１２０a０．Inordertoindicatethesamefeaturesat
roomtemperature, simulationswereconductedat
aninitialtemperatureof３００K．Thetimestepforall
simulationswassettobe２０×１０－１５s．Impactloading
wasappliedtoinvestigatethemechanicalproperties

(a)２pores;　(b)８pores;　(c)１４pores;　(d)１８pores;　(e)２４pores;　(f)２７pores．
Fig１．　Schematicatomicstructuresofrelaxednanoporouscoppersamples(d＝１０８３nm) withdifferentpores．
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